Abstract
Introduction

49
The average number of individuals facing food insecurity in Nigeria increased from 40. 
149
The nutrient omission experiments were composed of six nutrient application treatments: with all the three nutrients applied (NPK), and (vi) a treatment where secondary macronutrients
153
(S, Ca and Mg) and micronutrients (Zn and B) were applied in addition to the NPK (NPK+).
154
Primary macronutrients were applied at 140 kg N ha -1 , 50 kg P ha -1 and 50 kg K ha -1 for the 155 NGS sites; and at 120 kg N ha -1 , 40 kg P ha -1 and 40 kg K ha -1 for the SS sites. The secondary nitrogen (Ntot), was determined using a micro-Kjeldahl digestion method (Bremner, 1996) . Soil 175 pH in water (soil/water ratio of 1:1) was measured using a glass electrode pH meter and the (kg ha -1 ).
223
Step 2 (relation between the supply of available nutrients and actual uptake): The relations 224 between supply of nutrients and actual uptake were calculated using the following conditions 
235
The physiological efficiency (PhE) was calculated as follows (Sattari et al., 2014) :
Where GHI = grain harvest index, Xgi = mass fraction (g kg -1 ) of the nutrient i in the grain, Xsi nutrients (Hay, 1995); to guarantee accuracy they were excluded from this analysis.
241
The minimum uptake of the i th nutrient to produce any grain (ri) was obtained from the 242 minimum uptake of the i th nutrient in the above ground biomass mass (kg ha -1 ) in the control 243 plots after discarding all control plots with zero grain yield.
244
Step 3 (relation between actual uptake and yield ranges): The principles used in QUEFTS ( ) and the minimum uptake to produce any grain ( ):
249 Step 4 (combining yield ranges to ultimate yield estimates): in this final step yield ranges , , = , , , ≠ ≠ ; Ymax = maximum potential yield (where 10,000 kg ha -1 was used 
Results
280
3.1 Soil characteristics of the experimental fields
281
There was a strong variability in most soil characteristics among the experimental fields (Table 1) . However, most of the studied parameters were significantly different between the two agro-ecological zones. Total organic carbon (OCtot),
285
total nitrogen (Ntot), Mg, Cu and available sulphur (Sav) were larger in the NGS than in the SS.
286
In contrast, pH, available phosphorus (Pav), Mn and Fe were larger in the SS than in the NGS. 
Characteristics of grain yield and nutrient uptake of the experimental data
299
Nutrient application (NA) significantly affected all measured grain yield and nutrient 300 uptake characteristics (Table 2) . Maize grain yield, total dry matter, N and P uptake were significantly different between the agro-ecological zones (AEZ) ( Table 2) . Grain yield and total 308 dry matter were on average largest in NGS (3.8 and 8.6 t ha -1 ) and smallest in SS (3.0 and 6.5 4). Largest N, P and K harvest indices (NHI, PHI and KHI) were observed in OPV in the SS 318 zone. Because of a few statistical differences between variables of the two variety groups, the 319 datasets from the two groups were combined in the parameterization of the QUEFTS model. The relations between indigenous soil N, P, and K supply (calculated as the uptake of the 323 given nutrient in the respective omission plots) and soil properties were not well described with 324 the QUEFTS' default equations ( soil N, P and K supply were derived for the NGS and the SS (Table 3 ). In addition to OCtot, an ecological zones in this study can be explained by residual effects of previous P applications.
407
Some fractions of P applied through fertilizer not taken up by the current crop due to temporary The minimal response of grain yield, total dry matter, GHI and N, P and K uptake in control,
419
-N and -P relative to the NPK+, NPK and -K treatments across the two agro-ecological zones The newly developed supply functions for indigenous soil N, P and K in both agroecological 442 zones explained a minimum of 60% variation in soil characteristics among the studied fields.
The unexplained variation can be attributed to the differences in rate of mineralization, in 
498
The significant difference between the minimum uptake requirement to produce any grain 
Balanced nutrient uptake requirements
503
Balanced nutrient plant uptake requirement can provide guidance for amount of fertilizer to 504 be applied to achieve a desirable yield and for an efficient maintenance of soil fertility, as at 505 least the nutrients removed or harvested in the above ground plant dry matter must be returned 
Conclusion
533
The present study resulted in the parameterization and validation of the QUEFTS model to 
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